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1. Methodology 
All the calculations have been performed with density functional theory in periodic 
boundary conditions as implemented in the VASP package.[1-2] The generalized gradient 
approximation (GGA) has been considered with the Perdew Wang 91 exchange-correlation 
functional.[3] Atomic cores are described with the projector-augmented-wave method.[4] A 
cut-off of 400 eV is selected for the plane-wave basis set expansion, for which the total 
energy is converged by 1 meV per atom. A (3×3) supercell on the Pt(111) surface has been 
chosen with a (3×3×1) Monkhorst-Pack k-point mesh for the Brillouin zone integration. 
Periodic slabs are composed of four metal layers and a vacuum of 11.5 Å. Adsorption is 
considered only on one side of the slab. During all the geometry optimizations, the degrees of 
freedom of the adsorbate and of the two uppermost metal layers have been relaxed while the 
two lowest metal planes have been kept frozen in a bulk-like optimal geometry (Pt-Pt distance 
of 2.82 Å). 
The minimization of the reaction pathways between reactants and products and the 
search of the transition states (TS) is the computational intensive step. The climbing-image 
Nudged Elastic Band (CI-NEB) method has been systematically used to find these saddle 
points (SP) along the minimal energy pathway connecting each initial and final state of a 
given elementary step.[5] TS approximate structures are optimized with a set of 8 or 16 
intermediate geometries. Then the refinement of the TS geometry has been performed by 
minimizing all the residual forces with a DIIS algorithm (quasi-Newton). Finally, the saddle 
points have been identified as transition states (first order SP) with a vibrational analysis 
showing the existence of one single normal mode associated with a pure imaginary frequency.                                                         
[1] G. Kresse, J. Hafner, Phys. Rev. B 1993, 47, 558. 
[2] G. Kresse, J. Furthmüller, Phys. Rev. B 1996, 54, 11169. 
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[4] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758. 
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However for delicate cases, this method is not sufficient since the CI-NEB approach leads to 
nth order saddle points close to the actual TS. In that cases, an excitation of the normal mode 
associated with the softest second imaginary frequency coupled with further DIIS 
minimization is necessary to complete the TS search (Eigenvector Following). Then the 
corresponding new vibrational analysis systematically leads to actual first-order saddle points 
(TS). 
The vibrational analysis is based on the numerical calculation of the second 
derivatives of the potential energy surface within the harmonic approach (see [6] for details). 
In the vibrational treatment, the coupling between the molecular vibrations and the surface 
phonons of the two uppermost relaxed metal layers is included systematically (Γ point). The 
diagonalization of the force constant matrix provides the harmonic frequencies and surface 
phonons and the associated harmonic normal modes. 
 
2. Hydrogenation pathways of acrolein on Pt(111) 
2.1. Hydrogenation mechanism and intermediates 
In our previous study, the complete first and second hydrogenation routes of acrolein 
in a η4-trans position have lead to the formation of six different dihydrogenated products at 
atomic positions i and j, dihij (cf. Fig. 1). Three of them correspond to closed-shell molecules 
in the gas phase, propen-2-ol (UOL, dih12), propen-1-ol (ENOL, dih14) and propanal (SAL, 
dih34) whereas the three other ones, propan-1-ol-1,3diyl (dih13), propan-1-yl-3-ylooxy 
(dih23) and propan-2-yl-1-ylooxy (dih24), lead to diradical species in the gas phase (a 
closed-shell structure being however obtained in all adsorption forms). These chemisorbed 
compounds already described previously are the starting states for the following third and 
fourth hydrogenation routes, exposed here. The further competitive hydrogenations of the six 
dihij species yield four different trihydrogenated surface intermediates thijk: th234 
(propan-1-ylooxy), th134 (propan-1-ol-1-yl), th124 (propan-1-ol-2-yl) and th123 
(propan-1-ol-3-yl). Each of them can be obtained by three different elementary steps of third 
hydrogenation, as shown in Fig. 1: +234, +243 and +342 additions for th234, +134, +143 and 
+341 additions for th134, etc... The thijk adsorbed species correspond to monoradical 
compounds in the gas phase. Finally, the last four trihydrogenated intermediates can all be 
hydrogenated a last time to produce an unique product of fourth hydrogenation: propanol 
(SOL, qh1234). The associated additions are thus noted +3421, +3412, +1243 and +1234.                                                         
[6] D. Loffreda, F. Delbecq, F. Vigné, P. Sautet, J. Am. Chem. Soc. 2006, 128, 1316. 
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Figure 1. Scheme of all the third and fourth competitive hydrogenation routes of trans-acrolein on Pt(111). The 
four C or O attack sites on the reactant are numbered from 1 to 4 starting at O. ±ijk and ±ijkl (i,j,k,l=1,...,4) 
correspond to first i, second j, third k and fourth l successive hydrogenations (+) or dehydrogenations (-), 
respectively. dihij is a dihydrogenated product coming from hydrogenation +ij or +ji: propen-2-ol (unsaturated 
alcohol, UOL, dih12) and propanal (saturated aldehyde, SAL, dih34), which are the competitive partially 
hydrogenated products of the reaction, propen-1-ol (ENOL, dih14), dih13 (propan-1-ol-1,3-diyl), dih23 
(propan-1-yl-3-ylooxy) and dih24 (propan-2-yl-1-ylooxy). thijk is a trihydrogenated compound coming from 
hydrogenation +ijk or equivalent combinations: th234 (propan-1-ylooxy), th134 (propan-1-ol-1-yl), th124 
(propan-1-ol-2-yl) and th123 (propan-1-ol-3-yl). The fully hydrogenated product is the saturated alcohol qh1234 
(propanol, SOL). 
 
The thijk adsorbed species adopt different adsorption forms on Pt(111): th234 (18) sits 
on two possible η1µ1-trans positions via the radical oxygen and depending on the 
conformation of the alkyl chain (cf. Fig. 2). This compound is the least stable trihydrogenated 
species (-1.90 eV, see Table 1). The most stable thijk product th134 (-2.62 eV, 41) is adsorbed 
through the radical carbon of the initial C=O bond in a η1µ1-trans structure. Then the last two 
species th124 and th123 exhibit an intermediate stability which is slightly enhanced for 
η2µ2-trans position (di-σ14 structure with -2.45 eV, 59 and di-σ13 form with -2.37 eV, 71, 
respectively) compared to η1µ1-trans structures (-2.32 eV, 58 and -2.33 eV, 72, respectively). 
The SOL final product can either adsorb through the oxygen lone pair in a η1µ1-trans 
position (-0.34 eV, 23) or in a pseudo-agostic bond between one hydrogen atom and the Pt 
surface (-0.23 eV, 44,62,75). 
In the following sections, the competitive hydrogenation pathways related to each of the four 
trihydrogenated products thijk will be presented. 
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Reaction label Erads Eads 
UAL(g)+3/2 H2(g)+Pt → th234(ads) 18 -1.90  
UAL(g)+3/2 H2(g)+Pt → th134(ads) 41 -2.62  
UAL(g)+3/2 H2(g)+Pt → th124(ads) 58 -2.32  
UAL(g)+3/2 H2(g)+Pt → th124(ads) 59 -2.45  
UAL(g)+3/2 H2(g)+Pt → th123(ads) 71 -2.37  
UAL(g)+3/2 H2(g)+Pt → th123(ads) 72 -2.33  
SOL(g)+Pt →SOL(ads) 23  -0.34 
SOL(g)+Pt →SOL(ads) 44,62,75  -0.23 
Table 1. Adsorption energy Eads (eV) for the fully hydrogenated product (SOL). The stability of the surface 
trihydrogenated species is reported as the reactive adsorption energy Erads (eV). It refers to UAL(g), 3/2 H2(g) 
and clean Pt(111). The label numbering follows the appearance order in the reaction profiles. 
 
 
Figure 2. Optimized adsorption structures of hydrogenated products of trans-acrolein. The trihydrogenated 
compounds, propan-1-ylooxy (18), propan-1-ol-1-yl (41), propan-1-ol-2-yl (58,59) and propan-1-ol-3-yl (71,72) 
occupy either an η1µ1 or η2µ2-trans position. The fully hydrogenated product SOL exhibits either an η1µ1 
top-trans O-Pt form (23) or an η1µ1-trans agostic H structure with various orientations over the Pt surface 
(44,62,75). 
 
2.2. Hydrogenation pathways 
2.2.1. Propan-1-ylooxy hydrogenation routes 
The formation of the th234 trihydrogenated product can occur from the third 
hydrogenation (cf. Fig. 1) of dih23 at carbon C4 (+234 addition), from the attack at carbon C3 
of dih24 (+243 addition) or finally from the further hydrogenation of adsorbed SAL at carbon 
C2 (+342 addition). The corresponding energy profiles are reported in Fig. 3. For all these 
additions, the starting point refers to gas phase acrolein (UAL), two hydrogen molecules and 
the Pt(111) bare surface (1). The adsorption of UAL and four hydrogen atoms at infinite 
separation (-3.01 eV, 2) is the reference adsorption state for all the profiles exposed in this 
work. 
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Figure 3. Energy profiles and top views of the reaction intermediates for the third +234, +243, +342 and the 
fourth +3421 hydrogenation pathways, involving the th234 intermediate (18, cf. Fig. 2). The energies are 
expressed in eV and are referenced to those of gas phase reactants UAL, 2H2 and Pt(111) clean surface. TSih 
(i=234, 243, 342, 3421) are the hydrogenation transition states (respectively 15-17, 22). TS342s(j) (j=1,2,3) and 
TS3421s are the TS for H diffusion (13, 20) or for a molecule change of site (9, 11).  6-8, 10, 12, 14 and 19, 21 are 
coadsorption states between dihydrogenated species and H, and th234 and H, respectively. 23 refers to adsorbed 
SOL. 
 
Then the intermediate states associated with the first and second hydrogenation steps have not 
been readdressed here for a sake of clarity. The dihydrogenated species dih23 (3), dih24 (4) 
and adsorbed SAL (5) have thus been reported directly with two hydrogen atoms at infinite 
positions. Before starting the reaction, the coadsorption structures between dihij species and 
one atomic hydrogen have then been indicated (6-8). In agreement with our previous study, 
the +234 and +243 additions (attacks at C4 and C3, respectively) occur in one step with a 
significant activation barrier (0.66 and 0.79 eV, respectively). The precursor states of the 
reaction follow the rule demonstrated for the first and second hydrogenation routes (the 
hydrogen atom sitting in a threefold hollow site).[6] The associated transition states TS234h (15) 
and TS243h (16) exhibit C-H distances (1.51 and 1.56 Å, see Fig. 4) and single imaginary 
frequencies (944i and 966i cm-1, see Table 2), consistent with those evidenced before. The 
formation of th234 (18) from the attack at C2 of the SAL product is in contrast more complex.  
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Starting from the adsorption structure of SAL resulting from the second hydrogenation route 
(di-σ(C=O), η2µ2-trans, 8), the approach of the adsorbed H triggers a change to a top-O form 
(η1µ1-trans, 10). This process is almost non-activated (TS342s(1), 9 with a barrier of 0.03 eV). 
Two subsequent easy diffusion steps for the hydrogen atom (with respective barriers of 0.01 
and 0.16 eV for TS342s(2), 11 and TS342s(3), 13) follow until the true precursor state for the C2 
hydrogenation is reached with a top-O molecule and a top H coadsorbate (14). Hence C2 is 
not directly interacting with the surface in the precursor state. The hydrogen attack at C2 
occurs with an intermediate activation energy of 0.51 eV (TS342h, 17). Although this step is 
endothermic (0.43 eV, cf. Table 2), the barrier is small and the TS is consequently late with a 
short C-H distance (1.45 Å) and the imaginary frequency is soft 666i cm-1. This result agrees 
with Alcalá et al. works[7] for propanal hydrogenation where they have exclusively considered 
the attack at C2 first before completing the hydrogenation at O1. Their barrier is however 
larger 62 kJ.mol-1 (0.64 eV). 18 is a metastable species since the backward reaction to 14 has 
a very small barrier of 0.08 eV. 
 
 
Figure 4. Hydrogenation transition states for acrolein on Pt(111) (optimized structures). The distances are 
expressed in Å.                                                         
[7] R. Alcalá, J. Greeley, M. Mavrikakis, J. A. Dumesic, J. Chem. Phys. 2002, 116, 8973. 
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 label Ehyd Erads Eact νim dX-H 
TSh234 15 -0.22 -1.01 0.66 i944 1.51 (C-H) 
TSh243 16 0.01 -1.11 0.79 i966 1.56 (C-H) 
TSh342 17 0.43 -1.82 0.51 i666 1.45 (C-H) 
TSh3421 22 -0.70 -2.11 0.21 i310 1.66 (O-H) 
TSh134 38 0.04 -1.94 0.72 i964 1.49 (C-H) 
TSh143 39 0.07 -1.78 0.92 i815 1.55 (C-H) 
TSh341 40 -0.33 -1.86 0.43 i703 1.36 (O-H) 
TSh3412 43 0.02 -2.16 0.77 i865 1.68 (C-H) 
TSh124 55 0.14 -1.64 0.81 i856 1.56 (C-H) 
TSh142 56 0.02 -1.93 0.41 i510 1.50 (C-H) 
TSh241 57 -0.57 -1.63 0.25 i503 1.58 (O-H) 
TSh1243 61 -0.23 -1.95 0.73 i922 1.56 (C-H) 
TSh123 68  0.16   -1.66   0.83  i782  1.56 (C-H) 
TSh132 69  0.24   -1.69   0.88  i884  1.56 (C-H) 
TSh231 70  -0.61   -1.58   0.18  i345  1.60 (O-H) 
TSh1234 74  -0.09   -2.04   0.76  i977  1.55 (C-H) 
Table 2. Energy of the hydrogenation elementary step Ehyd (eV), reactive adsorption energy Erads (eV, see Table 
1) and hydrogenation activation barrier Eact (eV) associated with all the third and fourth hydrogenation transition 
states TSh. The imaginary frequency νim (cm-1) of each TSh is given with the distance of the formed X-H bond 
(X=C or O) (Å). 
 
Once the trihydrogenated compound th234 is formed (18), a last hydrogenation step 
can yield the propanol final product (23, SOL). In the corresponding +3421 addition, the 
hydrogen attack at O1 occurs, as seen previously for first or second hydrogenation,[6] with a 
precursor state where the hydrogen atom sits in a top site, after a fast diffusion (TS3421s, 20). 
Then the hydrogenation transition state is reached with a low activation energy of 0.21 eV 
(TS3421h, 22). The elementary step is exothermic with an early TS. Thus the O-H distance is 
long (1.66 Å) and the imaginary frequency is really soft (310i cm-1). 
 
2.2.2. Propan-1-ol-1-yl hydrogenation routes 
The second trihydrogenated species th134 (41) can be formed from the third hydrogenation of 
dih13 (25) at carbon C4 (+134 addition), from the one of adsorbed ENOL at C3 (26, +143 
addition) or finally from the attack at O1 (+341) starting from adsorbed SAL (5, see Fig. 1 for 
the steps and Fig. 5 for the energy profiles). Likewise to the previous case, the adsorption 
states of the dihydrogenated surface species with two hydrogen atoms at an infinite position 
are reported on the profiles (5, 25-26) before considering the corresponding coadsorption 
states (27-29). For the hydrogenation steps at C3 and C4 (+143 and +134 additions), the 
obtained activation barriers are high (0.92 and 0.72 eV respectively). The reaction pathways 
do not present any novelty. In the precursor states (27, 28), the hydrogen is coadsorbed on a 
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hollow site and the length of the C-H formed bonds at the transition states (TS134h, 38 and 
TS143h, 39) are equal to 1.49 and 1.55 Å respectively (cf. Fig. 4). 
 
 
Figure 5. Energy profiles (eV) for the third +134, +143, +341 and the fourth +3412 hydrogenation pathways, 
involving the th134 intermediate (41, cf. Fig. 2 and Fig. 3 for the notations). TSih (i= 134, 143, 341, 3412) are the 
hydrogenation transition states (38-40 and 43, respectively). TS341s(j) (j=1...4) are the TS for H diffusion (34, 36) 
or for a molecule change of site (30, 32). 27-29, 31, 33, 35, 37 and 42 are coadsorption states between 
dihydrogenated species and H, and th134 and H, respectively. 44 refers to adsorbed SOL. 
 
The corresponding imaginary frequencies are similar to those found before (964i and 815i 
cm-1, respectively). The hydrogenation at O1 starting from adsorbed SAL in a di-σ(C=O) 
position is among the most complex attack with four preliminary transition states before the 
hydrogenation. 
Several intermediate states are obtained before the precursor state. Firstly, as seen in 
the previous section, the approach of the H atom induces a stabilizing move of the molecule 
from η2µ2-trans di-σ(C=O) (29) to η1µ1-trans top-OPt (31). However the H attack at O1 does 
not occur in this top-O form. The O-surface bond is then broken and the molecule adopts an 
adsorption structure through an interaction between the hydrogen of the CHO moiety and one 
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surface Pt atom (33), with an almost linear C-H…Pt configuration. These transformations are 
weakly activated (0.03 eV for TS341s(1), 30 and 0.14 eV for TS341s(2), 32, respectively). Hence 
again, the oxygen atom is decoordinated from the surface, prior to the hydrogenation step. 
The true precursor state (37) is obtained after two diffusion steps of the H coadsorbed atom 
(33 and 35) to reach the neighbouring top site. From 37, the attack at O1 occurs by a rotation 
of the molecule (see TS341h, 40 in Fig. 4), in order to form the OH bond and to restore the 
Pt-C bond. The registered barrier is the largest one for the hydrogenation at O1 (0.43 eV). 
Hence, surprisingly, the Pt-C bond is present in the initial (5) and in the final (41) states, 
although it is broken and reformed during the reaction process. This original pathway has a 
lower activation energy than the +342 addition exposed here (0.51 eV) and previously by 
Alcalá et al.[7] The formed O-H bond is short (1.36 Å late TS) and the associated imaginary 
frequency is thus unusually large (703i cm-1). 
In the last and fourth hydrogenation step (+3412 addition), th134 (41) yields the 
adsorbed SOL product (44) according to an usual one-step mechanism for the attack at C2. 
This energetic act (+0.77 eV for TS3412h, 43) is accompanied by an early TS (with C-H bond 
distance of 1.68 Å and a single imaginary frequency of 865i cm-1). 
 
2.2.3. Propan-1-ol-2-yl  hydrogenation routes 
Once having considered all the hydrogenation routes connected with the 
trihydrogenated species related to a partially hydrogenated C=O bond, the analysis can then 
be extended to the ones associated with the trihydrogenated compounds with a partially 
hydrogenated C=C moiety. The first intermediate th124 (58-59) can be produced either by the 
third hydrogenation of two adsorbed products UOL and ENOL (45, +124 addition and 26, 
+142 addition, respectively), or by a third hydrogen attack of dih24 (4, +241 addition, cf. Fig. 
6 for the energy profiles). The attack at C4 follows a classical one-step scheme with a large 
activation barrier of 0.81 eV (TS124h, 55). At the transition state, the associated C-H bond is 
standard (1.56 Å) and the imaginary frequency also (856i cm-1). The hydrogenation at C2 
starting from adsorbed ENOL (+142 addition) occurs with a multistep mechanism, in contrast 
with +143 addition exposed before. Before the hydrogen attack, the molecule changes its 
structure from an η2µ2-trans di-σ(C=C) position (47) to an η2µ1-trans π(C=C) form (51), the 
coadsorbed hydrogen atom being spectator. This diffusion is significantly energetic (+0.36 
eV, see TS142s(1), 49). Then the hydrogen atom diffuses from its hollow site to a top position 
(TS142s(2), 53). Finally the hydrogenation can occur with a low activation energy of +0.41 eV 
(TS142h, 56). 
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Figure 6. Energy profiles (eV) for the third +124, +142, +241 and the fourth +1243 hydrogenation pathways, 
involving the th124 intermediate (58-59, cf. Fig. 2 and Fig. 3 for the notations). TSih (i= 124, 142, 241, 1243) are 
the hydrogenation transition states (55-57 and 61, respectively). TS142s(j) (j=1,2) and TS241s are the TS for H 
diffusion (50, 53) or for a molecule change of site (49). 46-48, 51, 52, 54 and 60 are coadsorption states between 
dihydrogenated species and H, and th124 and H, respectively. 62 refers to adsorbed SOL. 
 
The last third hydrogenation step leading to th124 (59) is the attack at O1 starting from dih24 
which is even less activated (0.25 eV, TS241h, 57). This early TS exhibits a long O-H distance 
of 1.58 Å with an imaginary frequency of 503i cm-1. 
In order to complete the hydrogenation, a last attack can occur at C3 (+1243 addition) 
and lead to the adsorbed SOL product (62). As usual, this one-step elementary act is 
significantly activated (+0.73 eV). The C-H bond length at TS1243h (61) is regular (1.56 Å) 
and the imaginary frequency is hard (922i cm-1). 
 
2.2.4. Propan-1-ol-3-yl  hydrogenation routes 
In the complete hydrogenation scheme (cf. Fig. 1), the last branches which yield the 
second trihydrogenated compound th123 (72) related to the C=C bond can come either from a 
third hydrogen attack at C3 starting from adsorbed UOL (45, +123 addition), or from a further 
attack at C2 of dih13 (25, +132 addition) or at O1 of dih23 (3, +231 addition, see Fig. 7 for 
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the energy profiles). Both hydrogenation steps at C3 and C2 occur through a one-step 
mechanism with high activation barriers (+0.83 and +0.88 eV for +123 and +132 additions, 
respectively). The corresponding transition states (TS123h, 68 and TS132h, 69) present similar 
C-H bond distances (1.56 Å) and imaginary frequencies (782i and 884i cm-1). 
 
 
Figure 7. Energy profiles (eV) for the third +123, +132, +231 and the fourth +1234 hydrogenation pathways, 
involving the th123 intermediate (71-72, cf. Fig. 2 and Fig. 3 for the notations). TSih (i= 123, 132, 231, 1234) are 
the hydrogenation transition states (68-70 and 74, respectively). TS231s is the TS for H diffusion (66). 63-65, 67 
and 73 are coadsorption states between dihydrogenated species and H, and th123 and H, respectively. 75 refers 
to adsorbed SOL. 
 
Conversely, the attack at O1 of dih23 is weakly activated (+0.18 eV, TS231h, 70) and occurs, 
as usual, via a precursor state where the hydrogen atom sits in a top position close to O1 (67). 
The formed O-H bond is long (1.60 Å) and the corresponding imaginary frequency is soft 
(345i cm-1). 
The final possibility to produce the adsorbed completely hydrogenated SOL 
compound (75) is the +1234 addition. The one-step process has a large barrier (+0.76 eV, 
TS1234h, 74) with a regular C-H distance of 1.55 Å at the TS and a classical imaginary 
frequency of 977i cm-1. 
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2.3. Concluding discussion 
Since all the hydrogenation pathways of the first, second, third and fourth hydrogen 
attacks are now solved out, one can reinvestigate the analysis regarding the selectivities 
towards the three products in competition: UOL, SAL and SOL. 
In our previous study dealing only with the competitive routes of the first and second 
elementary acts, we had concluded that the selectivity to SAL was essentially ruled by a 
narrow competition between the surface hydrogenation  steps which clearly favoured the 
formation of UOL and the product desorption steps which were in favour of SAL. However, 
we mentioned that this picture was limited since the further transformations of the six 
different dihydrogenated species were not included in the analysis. Here, we can come to a 
more definitive conclusion. Keeping in mind that only a microkinetic approach based on the 
calculated rate constants can actually predict quantitatively the activity and the selectivity of 
the Pt(111) surface, we can sketch out these results qualitatively by analyzing the new 
activation barriers exposed in this work. 
According to the general scheme (cf. Fig. 1), each of the dihydrogenated species dihij 
can be further transformed into one of the trihydrogenated compounds through two different 
additions. Once adsorbed SAL is formed from the previous possible first and second 
hydrogenation routes, either it can transform back to monohydrogenated species, or it can 
desorb, or also it can be further hydrogenated hence yielding th234 or th134. Since the 
desorption barrier is lower (+0.23 eV) than those of the +342 and +341 additions (+0.51 and 
+0.42 eV respectively), we can suppose that SAL will mainly desorb and that only a small 
amount could lead to th234 or th134 species. 
Concerning now adsorbed UOL which exhibits a large desorption barrier (+1.08 eV), 
the third hydrogenation steps +123 and +124 are highly activated (+0.83 and +0.81 eV, 
respectively). Hence the further transformation of this adsorbed product should be difficult, 
while the backward reaction to the monohydrogenated hydroxyallyl product is easier (+0.51 
eV).[6] For ENOL, the two competitive routes are different; +143 addition is associated with a 
large barrier of +0.92 eV whereas +142 addition presents a moderate barrier of +0.41 eV. So 
the second route may be an alternative pathway since the direct desorption is difficult (+0.97 
eV). This route yields th124 which can be, in its turn, hydrogenated to produce SOL. 
However, the corresponding elementary step +1243 is significantly activated (+0.73 eV), 
hence disfavouring the selectivity to SOL. The last three species to consider are the diradical 
surface compounds dih24, dih13 and dih23. For dih24, only the +241 addition would be 
favourable for a third hydrogen attack (+0.25 eV). However this step gives th124 which can 
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be transformed into SOL only with difficulty as explained before. Similarly, SOL can barely 
be obtained from dih13 since both elementary acts +132 and +134 are significantly activated 
(+0.88 and +0.72 eV, respectively). Finally, dih23 species is the least stable dihydrogenated 
compound which can be yielded only in a small amount. In fact, it comes from first or second 
hydrogenation steps with large barriers. So its further transformation is in any case minority. 
In conclusion, the exploration of the reaction pathways for the third and fourth 
hydrogen attacks does not change the picture drawn from the complete first hydrogenations of 
C=O and C=C bonds. This result goes in favour of a very small selectivity to SOL, hence 
letting majority the SAL product and subsidiary the UOL compound. Thus the observed 
selectivity to SAL for acrolein hydrogenation on Pt catalysts can be explained as follows. In 
agreement with our initial assumption, the chemo-regioselectivity is ruled by the competition 
between the significant hydrogenation activation energy for producing SAL and the large 
barrier for desorbing UOL. Since UOL desorption step has the largest one (+1.08 eV), the 
selectivity exclusively favours SAL formation in the experimental conditions, the formation 
of SOL being minority. This clear-cut statement needs to be validated quantitatively, in the 
future, by a microkinetic modeling involving all the elementary steps yielding the three 
products in competition. 
 
2.4. Gas phase radical species coming from acrolein hydrogenation 
In the following section, energetics of the radical species coming from gas phase 
acrolein hydrogenation are listed in Table 3. 
R + n/2 H2 → RHn with n = (1...4) 
For the first hydrogenation pathways, the mhi species are monoradical compounds which 
exhibit a spin polarization of 1.0 µB. The most stable monoradical species are mh1 and mh4 
(allyl type). For the second hydrogenation steps, the closed shell products UOL, SAL and 
ENOL are associated with exothermic hydrogenation energies. Classically, SAL product is 
the thermodynamic compound for partial hydrogenation. The diradical species are in contrast 
highly metastable and are molecules with a singlet or a triplet ground state. The 
trihydrogenated species exhibit a similar stability and spin polarization (doublet ground state). 
The complete hydrogenation leading to SOL product is strongly exothermic. 
All the optimized geometries of those radical species are finally depicted in Fig. 8. 
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R + n/2 H2 → RHn n product species Ehyd  

M  
addition +1 1 mh1 monoradical 0.33 1.0 
addition +2 1 mh2 monoradical 1.48 1.0 
addition +3 1 mh3 monoradical 0.77 1.0 
addition +4 1 mh4 monoradical 0.14 1.0 
addition +12 2 UOL closed shell -0.98 0.0 
addition +34 2 SAL closed shell -1.57 0.0 
addition +13 2 dih13 diradical 1.76 2.0 
addition +14 2 ENOL closed shell -1.30 0.0 
addition +23 2 dih23 diradical 2.10 1.7 
addition +24 2 dih24 diradical 1.47 0.0 
addition +123 3 th123 monoradical -0.28 1.0 
addition +124 3 th124 monoradical -0.48 1.0 
addition +134 3 th134 monoradical -0.67 1.0 
addition +234 3 th234 monoradical -0.24 1.0 
addition +1234 4 SOL closed shell -2.67 0.0 
Table 3. Successive hydrogenation energy Ehyd (eV) of acrolein (R) in the gas phase (n=1,...,4). For each 
resulting closed shell or radical species, the optimized spin polarization 

M  is given (µB). 
 
Figure 8. Optimized geometries of acrolein (UAL) and its hydrogenation products (closed shell and radical 
species) in the gas phase. For the monoradical and diradical products, the black stars indicate the unsaturated 
carbon or oxygen atoms. The distances are expressed in Å. 
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3. Hydrogenation pathways of prenal on Pt(111) 
In the following section, the major results concerning the first and second 
hydrogenation routes (complete hydrogenation of the C=C or the C=O bonds) of prenal on 
Pt(111) have been exposed. In Fig. 9 and Fig. 10, top views of the hydrogenation precursor 
states (IS), the transition states (TS) and the final hydrogenated states (FS) are reported. In 
Fig. 11, lateral views of the optimized geometries of the eight corresponding TS are depicted. 
 
 
Figure 9. Top views of the initial (IS), transition (TS) and final (FS) states of the first hydrogenation pathways of 
prenal on Pt(111). Regarding the O1, C2, C3 and C4 atoms of the C2=O1 and the C3=C4 bonds, the shaded 
atoms are those which are effectively bonded to the platinum surface. 
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Figure 10. Top views of the initial (IS), transition (TS) and final (FS) states of four second hydrogenation 
pathways of prenal on Pt(111). Regarding the O1, C2, C3 and C4 atoms of the C2=O1 and the C3=C4 bonds, the 
shaded atoms are those which are effectively bonded to the platinum surface. 
 
In Table 4, the main energetics of the hydrogenation pathways have been presented. 
 
 label Ehyd Erads Eact dX-H 
TSh1 5 -0.47 -0.63 0.27 1.72 (O-H) 
TSh2 6 0.46 -0.44 0.55 1.50 (C-H) 
TSh3 7 0.24 -0.18 0.86 1.61 (C-H) 
TSh4 8 0.02 -0.21 0.81 1.83 (C-H) 
TSh12 17 0.10 -1.03 0.70 1.76 (C-H) 
TSh21 18 -0.63 -0.72 0.20 1.65 (O-H) 
TSh34 19 -0.23 -0.36 0.81 1.64 (C-H) 
TSh43 20 -0.07 -0.61 0.79 1.63 (C-H) 
Table 4. Energy of the hydrogenation elementary step Ehyd (eV), reactive adsorption energy Erads and 
hydrogenation activation barrier Eact (eV) associated with the first and some of the second hydrogenation 
transition states TSh of prenal (methyl butenal) on Pt(111). The distance of the formed X-H bond (X=C or O) is 
given for each TShi (Å). 
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Figure 11. Detailed geometries of the optimized structures of the transition states for prenal hydrogenation on 
Pt(111). The distances are expressed in Å. The labels are those defined in Fig. 9 and Fig. 10. 
 
 
 
